G ene therapy holds great promise for treating both inherited and acquired diseases by delivering genes into the target cells to restore or promote specific cellular functions. Turning on or turning off specific gene targets has also been used to enhance stem differentiation, overexpressing therapeutic factors for promoting tissue repair, or to reprogram somatic cells to induced pluripotent stem cells. 1, 2 Most gene therapy approaches utilize viral vectors, given their high delivery efficiency; however, broad clinical applications of viral-based gene delivery face safety concerns such as potential for insertional mutagenesis. 3, 4 In pursuit of an alternative safer approach, various attempts have been made to develop nonviral vehicles for gene delivery. As both plasmid DNA and cellular membrane are negatively charged, a carrier is often required to increase intracellular delivery efficiency. A variety of cationic lipids and polymers have been developed over the past two decades as nonviral transfection reagents to enhance gene delivery. 5, 6 Driven by electrostatic forces, cationic polymers can condense negatively charged DNA into nanoparticles, and this is considered to be safer and more desirable due to negatively charged DNA's nonintegrating nature. 7 However, polymeric vector-based gene delivery generally suffers from substantially lower transfection efficiency compared to the viral vectors. 8 Among the polymeric vectors developed so far, poly-(β-amino ester)s (PBAEs) represent a family B of biodegradable polymers with broadly tunable structural diversity. Given the facile synthesis procedure, large libraries of PBAEs have been synthesized and screened in a high-throughput manner to help identify novel structures that lead to highly efficient gene delivery into a broad range of cell types and have shown excellent efficiency in vivo.
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In addition to the development of an effective gene carrier, the molecular structure of plasmid DNA may also be engineered to enhance gene delivery efficiency. The prokaryote cassette has been reported to have a negative influence on plasmid propagation in mammalian cells. This might be due in part to the gene silencing effects caused by the presence of CpG islands. 12 To overcome such limitations, we and others have reported minicircle (MC) DNA, which are supercoiled DNA molecules free of bacterial plasmid backbone elements, such as an origin of replication and an antibiotic resistance gene. Unlike conventional plasmids, minicircles primarily consist of a eukaryotic expression cassette and therefore do not activate exogenous silencing mechanisms to the same extent as plasmids. Recent studies have shown that minicircle vectors resulted in 10À100-fold higher transgene expression than plasmid DNA and result in more stable ectopic transgene expression. 13, 14 We and others have also reported prolonged gene expression and reduced immune responses using minicircle compared to parental plasmids both in vitro and in vivo. 13,15À17 Despite the great promise of MC DNA for gene delivery, in vitro transfection using MC DNA alone suffers from low efficiency. Previous studies have utilized electroporation or Lipofectamine 2000, a commercially available cationic lipid molecule, to facilitate cellular uptake of MC DNA. 1, 18 However, these strategies generally result in high cytotoxicity or low transfection efficiency and are unsuitable for clinical translation; therefore methods for efficient MC DNA delivery remain lacking. Another important molecular component of plasmid design is the promoter, and human cytomegalovirus (CMV) promoter has been widely used due to its high efficiency. However, CMV is an immediate-early promoter, hence resulting in only short-term transgene expression despite its high expression levels. 19, 20 In contrast, the ubiquitin C (Ubc) promoter allows for prolonged gene expression, but generally is less efficient compared to the CMV promoter across a range of cell types. 21 The goal of this study is to develop a PBAE-based, biodegradable nanoparticulate platform for efficient delivery of MC DNA driven by a Ubc promoter in vitro and in vivo. We have chosen PBAE polymers given their biodegradable nature, facile synthesis schemes, and structural tunability. While previous studies have identified PBAE structures for efficient delivery of plasmid DNA and small interfering RNA, the efficacy of PBAE for delivering MC DNA remains unknown. Given the substantial structural changes between plasmid and MC DNA, a new screening process is required to identify PBAE structures optimized for delivering MC DNA. We hypothesize that cationic PBAE can complex with MC DNA to form nanoparticles, which would protect MC DNA from being degraded by nucleases, and delivery efficiency can be modulated by tuning PBAE hydrophobicity and end-group chemistry. To test our hypothesis, we synthesized a small library of 18 PBAE polymers with different backbone and endgroup chemistry. The ability of PBAE to protect MC DNA from degradation was examined by electrophoresis and the PicoGreen assay with or without nuclease exposure. To examine the effects of varying PBAE chemical structures on MC DNA delivery efficiency, we transfected HEK293 with 18 PBAEs using MC DNA encoding green fluorescent protein (GFP) as a reporter, and outcomes were evaluated with fluorescence microscopy and flow cytometry. We then characterized the biophysical properties of PBAE/ MC nanoparticles that resulted in highest transfection efficiency using dynamic light scattering and transmission electron microscopy. Finally, lead nanoparticles containing luciferase encoding MC DNA were injected into the peritoneal cavity of mice to evaluate the efficacy of PBAE for MC DNA delivery in vivo.
RESULTS AND DISCUSSION
Here we synthesize and optimize PBAE-based, biodegradable nanoparticles for nonviral delivery of MC both in vitro and in vivo. Specifically we synthesized 18 PBAEs with different chemical structures ( Figure 1 ) and examined the effects of varying PBAE structure on nanoparticle formation and gene delivery efficiency. Our screening has identified optimal PBAE structures that allow efficient MC delivery that is comparable with or superior to Lipofectamine 2000. Given the degradable nature and low cytotoxicity associated with PBAE/ MC nanoparticles, as well as the molecular design of MCs driven by a human Ubc promoter, our platform offers an attractive nanoparticulate delivery system for translating minicircle-based gene therapy for clinical applications.
Synthesis and Characterization of MC/PBAE Nanoparticles. The first step in achieving successful transfection requires the formation of stable nanoparticles. The formation of a nanoparticle involves the electrostatic interaction of MC and PBAE and the subsequent selfassembly of the components into tightly wound nanoparticles. Since MCs are significantly smaller than conventional plasmids due to the removal of bacterial backbone (Figure 2A ), we first investigated the stability of both polymers C32 and D32 along with nine different end groups in forming nanoparticles with MCs through a gel electrophoresis assay ( Figure 2B ). Free DNA such as MC or parental plasmid can travel down ARTICLE www.acsnano.org C within the gel with a notable band. For PBAE/MC groups, most C32-and D32-based polymers completely encapsulate MC DNA into nanoparticles, with no noticeable free DNA band detected. Some weak DNA bands were visible in C32-based polymers with amine end groups of 117, 130, 135, and 140, as well as D32-based PBAEs with amine end groups of 117 and 140. To further quantify the ability of PBAE to encapsulate MC into nanoparticles and thereby protect the MC from being degraded by DNase, we also expose the 18 formulations of PBAE/MC nanoparticles to DNase and quantify the degree of MC protection using a PicoGreen assay to measure free DNA ( Figure 2C ). We observed a similar trend to the electrophoresis results, and the level of MC protection is mostly dictated by the PBAE end-group chemistry (i.e., C32-and D32-based PBAEs that share the same end-group chemistry often yielded similar MC protection efficiency). The only exceptions are PBAEs with 111 and 114 end-group chemistry, in which D32-based PBAE nanoparticles generally showed a much higher level of MC protection. This may be due to the increased hydrophobicity in D32-based polymers, which leads to slower degradation and possibly more stable nanoparticles. Our results demonstrate PBAEs can efficiently encapsulate MC and protect them from being degraded by nucleases in the environment.
In Vitro Transfection Efficiency of MC/PBAE Nanoparticles. We then assessed the ability of PBAE/MC nanoparticles to transfect HEK293 cells using 18 nanoparticle formulations containing MCs encoding GFP DNA, which allowed direct visualization of transfection efficiency by fluorescence microscopy and quantification by flow cytometry. Cells transfected with Lipo/MC or MC alone were included as controls. Fluorescence images showed that transfection efficiency differs significantly depending on the chemistry of the PBAE ( Figure 3A ).
A few leading PBAE structures (C32À122, D32À122, and C32À145) resulted in 70À80% positively transfected cells, which is comparable to the positive control group transfected with Lipofectamine 2000 ( Figure 3B ). These PBAE/MC nanoparticles also showed high efficiency in protecting MC DNA from degradation. However, nanoparticle stability is not solely responsible for the observed high transfection efficiency, as some other stable PBAE nanoparticles (e.g., D32À110) resulted in very low transfection efficiency. We also noted that most PBAE pairs with the same end-group chemistry resulted in substantially different transfection efficiency, suggesting that transfection efficiency is influenced by additional parameters such as polymer hydrophobicity and NP stability. One exception is C32À122 and D32À122, which both resulted in over 50% transfection efficiency for MC. Interestingly, C32À122 has also been previously identified to be a leading transfection agent for plasmid DNA delivery, 22 and this is the first time C32À122 has been examined for MC delivery. We also quantified mean fluorescent intensity, which is a measure of total protein production. In this regard, two PBAE/MC nanoparticles (D32À 122 and C32À145) demonstrated a substantially higher level of GFP intensity compared to Lipofectamine control, despite their comparable level of percentage of cells being transfected ( Figure 3C ). Transfection efficiency describes the percentage of cells that have been transfected, regardless of the difference in the level of protein production among individual cells. In contrast, mean fluorescence intensity takes into account the difference in protein production by individual cells and normalizes that by the total number of cells. Therefore, mean fluorescence intensity is a better prediction of the level of protein production posttransfection. To ensure that the differences in transfection efficiency were not caused by potential toxicity Figure 1 . Synthesis scheme and molecular structures of 18 poly(β-amino ester)s. Acrylate-terminated polymers (C32ÀAc and D32ÀAc) were first synthesized as backbone polymers, followed by end-group modification with nine different end-group chemical structures (110 to 145) to form 18 different amine-terminated poly(β-amino ester)s.
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D from polymeric nanoparticles, we also examined the effects of PBAE/MC nanoparticles on cell viability under the optimized transfection doses. Our results showed most PBAE/MC nanoparticle formulations did not negatively affect cell viability compared to untreated cells alone ( Figure 4 ). The only exception was D32À110, which showed slightly lower cell viability (∼80%). Previous studies using PBAE for plasmid DNA delivery required use of PBAE:DNA with weight ratios up to 50:1 to reach optimal transfection efficiency, which may also cause increased cell death. 23 In our study, substantially less PBAE was required (10:1) to form stable nanoparticles with MCs due to the smaller size resulting from removal of the bacterial cassette. This offers an additional advantage of using PBAE for MC delivery given the minimal toxicity effects on cells. Biophysical Characterization of Nanoparticles. To further investigate the biophysical properties of PBAE nanoparticles that demonstrated high efficiency of minicircle delivery, we measured the particle size and zeta potential of four nanoparticles that showed the highest transfection efficiency (C32À122, C32À145, D32À122, and D32À145) by dynamic light scattering. The particle size of the four leading PBAE nanoparticles demonstrated a fairly broad distribution ranging from 91 nm (for C32À145 and D32À145) to 192 nm (D32À122) 
( Figure 5A ). This size range is comparable to previous reports on PBAE nanoparticles for plasmid delivery. 23 It has been suggested that smaller particle size may lead to increased transfection. 24 Given the comparable transfection efficiency among our lead nanoparticles with different particle size, our results suggest that transfection efficiency of our PBAE/MC nanoparticles is not solely dominated by particle size. Different from the particle size, all lead PBAE/MC nanoparticles demonstrated comparable surface charge in medium containing 10% serum, which ranged from À7.5 to À11.02 mV ( Figure 5B ) as measured by zeta potential. To further consolidate the biophysical results observed, we took one of the polymers (D32À122) and subjected it to transmission electron microscope analysis. TEM imaging confirmed stable PBAE/MC nanoparticle formation through self-assembly of MC and PBAE, with nanoparticle size consistent with the dynamic light scattering result ( Figure 5C ). Transfection Efficiency in Mouse Embryonic Fibroblasts. To further examine the ability of lead PBAE/MC nanoparticles to transfect other cell types, mouse embryonic fibroblasts (MEFs) were transfected using optimized PBAE/MC nanoparticles including C32À122, C32À145, D32À122, and D32À145. MEFs were also transfected with Lipofectamine 2000 as a positive control. We observed a transfection efficiency up to 30% (D32À122), which was 10% higher than that of Lipofectamine, as well as comparable transfection efficiency to all the other polymers ( Figure 6 ). Interestingly, although C32À145 achieved the highest transfection in HEK293 cells, D32À122 was the most efficient polymer for MEF Increased Gene Expression Using Minicircles over Parental Plasmids. The advantage of using MCs as a vector for gene delivery was confirmed by comparing transfection efficiency using nanoparticles formed by PBAE/MC or PBAE/parental plasmid from which the MC was derived. PBAE/MC-mediated transfection consistently resulted in higher transfection efficiency in HEK cells than transfection efficiency achieved using PBAE/parental plasmids ( Figure 7) . A similar trend was observed using Lipofectamine as the gene carrier, where MCs also resulted in higher transfection efficiency. An even greater increase was observed with D32À122/MC, providing a 50-fold increase in mean fluorescent intensity ( Figure S1B) , suggesting MCs as a better vector for efficient gene delivery over parental plasmids. Our finding is consistent with a previous report on human melanoma cells, where MCs resulted in a 12-fold increase in gene expression over parental plasmids at equimolar concentration. 25 In Vivo Minicircle Delivery. While some polymermediated nonviral nanoparticles demonstrate high transfection efficiency in vitro, they often lose their ability to transfect in vivo due to the presence of various serum proteins and enzymes. PBAE polymers have been used in the past for in vivo delivery of plasmid DNA in a wide range of animal models. 10, 11, 26, 27 Delivery routes include intravenous, intraperitoneal, intratumoral, and intradermal. To demonstrate the efficiency of PBAEs for MC delivery in vivo, we have chosen an intraperitoneal route of delivery, which allows expression in multiple intraperitoneal organs with a single injection.
To examine the potential of PBAE for MC delivery in vivo, we injected two formulations of PBAE/MC nanoparticles based on C32À145 and D32À122 for delivering MCs through an intraperitoneal (ip) route. To facilitate real-time monitoring of in vivo transfection efficiency, we have chosen a minicircle encoding G the luciferase gene as a reporter. MC/C32À145 or MC/ D32À122 (30 μg per injection) were injected ip, and MC alone was also delivered directly as a control. The mice were imaged 12, 24, and 48 h after injection, and bioluminescence was quantified. While MC alone lacks the ability to transfect cells in vitro, previous studies have shown that MC can achieve excellent efficiency in vivo, which is also what we observed in our study. 15, 17 One of our PBAE polymers, D32À122, further enhanced luciferase production 2-fold relative to MC alone at 24 h. This trend persisted when measured at 48 h, suggesting D32À122 as a promising polymeric vector for enhanced MC delivery in vivo ( Figure 8A,B) . We speculate that such an increase in transfection efficiency may be, at least in part, due to the increased hydrophobicity of D32À122, which in turn led to more stable nanoparticles and prolonged protection and availability of MCs for increased transfection efficiency in vivo. We also observed that transfection efficiency of polymerbased transfection in vivo cannot be predicted solely from the transfection efficiency results in vitro. For example, while C32À145 resulted in the highest efficiency in vitro, the level of protein production in vivo was lower than that achieved with MC alone ( Figure 8A ). To gain a better understanding of the biodistribution of polymer-MC transfection after ip administration, whole organs were harvested from mice at 24 h, and individual luminescence readings were performed on each organ. In a trend similar to that of whole-body imaging, D32À122 mediated a higher expression in all organs compared to MC alone (except the kidney and seminal vesicle), whereas C32À145 was not as efficient as MC alone (stomach and liver) ( Figure S3 ). Biodistribution of the transfection was similar with and without PBAE across all organs ( Figure 8C ).
CONCLUSIONS
In summary, here we report the development of PBAE-based, biodegradable nanoparticles as efficient vehicles for delivering Ubc-driven MC DNA using a combinatorial chemistry approach. By screening a total of 18 synthesized PBAEs with varying chemical structures, we identified lead PBAE structures that resulted in markedly increased MC delivery efficiency both in vitro and in vivo. Our results confirmed that PBAE can effectively complex MC into nanoparticles and protect the MC from being degraded by environmental nucleases. Furthermore, our results support our hypothesis that MC delivery efficiency can be modulated by tuning PBAE hydrophobicity and end-group chemistry. Using HEK and MEF cells as model cell types, we identified a few PBAE polymers that allow efficient MC delivery at levels that are comparable to or even surpassing Lipofectamine 2000. Unlike Lipofectamine 2000, which is nondegradable, the biodegradable nature of PBAE-based nanoparticles facilitates in vivo applications and clinical translation. While MC alone allows a high level of transgene expression in vivo, we demonstrate a further 2-fold increase in efficiency using lead PBAE/MC nanoparticles. Together, our results highlight the promise of PBAE-based nanoparticles as novel nonviral gene carriers for MC delivery.
MATERIALS AND METHODS
Preparation of Minicircles. Minicircles are the product of sitespecific intramolecular recombination between the attB and attP sites driven by bacteriophage ΦC31 integrase. The DNA fragments containing enhanced green fluorescent protein (MC-GFP) or firefly luciferase (MC-Fluc) were bluntly ligated between the attB and attP sites of the parental plasmid. MCs were prepared as described previously. 17 Briefly, ZYCY10P3S2T
cells (E. coli was a kind gift from Mark Kay, Stanford University) were transformed with parental plasmids. Cells from one ARTICLE H transformed colony were inoculated into 5 mL of Luria-Bertani (LB) (Sigma-Aldrich, St. Louis, MO, USA) solution containing kanamycin (50 μg/mL) (Sigma-Aldrich) and incubated at 37°C with shaking at 250 rpm. Following a 4 h incubation, the bacteria was amplified by combining 100 μL of culture to every 400 mL of LB-containing kanamycin (50 μg/mL), and incubation was continued for 16 h. The next day, a minicircle induction mix comprising 400 mL of fresh LB, 16 mL of 1 N sodium hydroxide (Sigma-Aldrich), and 0.4% (w/v) L-arabinose (Sigma-Aldrich) was added to the overnight culture and allowed to grow at 32°C for another 8 h. MCs were then isolated using a Plasmid Plus Maxi Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's protocol. Synthesis of Poly(β-amino ester)s with Structural Diversity. Acrylateterminated poly(β-amino ester) was synthesized as described previously. 23 To synthesize C32ÀAc and D32ÀAc, respectively, 1.533 g of 5-amino-1-pentanol (32) (Alfa Aesar, Ward Hill, MA, USA) was combined with 3.255 g of butanediol diacrylate (C) or hexanediol diacrylate (D) and stirred overnight at 90°C. C32ÀAc and D32 were used as polymer backbone, and each was modified with nine different end-group amines, producing a total of 18 different PBAEs. To introduce different end-group chemistry, nine different types of amine monomers (Figure 1 ) (10 mM) were mixed with 5 g of acrylate-terminated C32 or D32 in the presence of tetrahydrofuran (Fisher Scientific, Houston, TX, USA) and stirred overnight. The products were then precipitated with diethyl ether and dissolved in anhydrous DMSO (Fisher Scientific) (100 mg/mL). All materials were stored at À20°C until further use. The resulting polymers were divided into two subgroups: C32 and D32, each containing nine endmodified polymers, as shown in Figure 1 .
Formation of PBAE/MC Nanoparticles. To form nanoparticles containing minicircles, PBAE and MCs were mixed together (10:1 in weight ratio) in 25 mM sodium acetate (Fisher Scientific) and incubated at room temperature for 10 min before use. Preliminary studies indicated that increasing the PBAE:MC weight ratio did not enhance transfection efficiency ( Figure S2 ). Control nanoparticles were formed using Lipofectamine 2000 (Life Technologies, Grand Island, NY, USA) according to the manufacturer's protocol. Briefly, MCs and Lipofectamine 2000 were mixed (1:2.5 in weight ratio) in OptiMEM (Life Technologies) and incubated at room temperature for 15 min before use.
Particle Size and Zeta Potential Measurements. To prepare PBAE/ MC nanoparticles for biophysical characterization, PBAE/MC nanoparticles were suspended in fully supplemented DMEM medium containing 10% fetal bovine serum to reach a final MC concentration of 12 μg/mL (mass refers to MC content) and loaded into a disposable capillary cell (Malvern, Westborough, MA, USA). Measurements of the nanoparticle size distribution and zeta potential were performed using a Zetasizer Nano ZS (Malvern).
Transmission Electron Microscopy. TEM imaging was performed to assess the shape and size of PBAE/MC nanoparticles. Formed nanoparticles were deposited on glow discharged 300 mesh Grids were then washed with 1% (w/v) uranyl acetate in distilled water and air-dried overnight. Samples were examined on a TEM operating at 120 kV (Jeol1230, Jeol, Portland, OR, USA).
Gel Electrophoresis and Minicircle Protection Assay. The ability of PBAEs to encapsulate MC DNA into nanoparticles was evaluated by gel electrophoresis, in which only free (unencapsulated) MC DNA can move in the gel and be visualized, whereas MC entrapped in nanoparticles will stay in the loading well. PBAE/MC nanoparticles (80 ng) were loaded in a 1.2% agarose gel containing 0.012% ethidium bromide, and electrophoresis was performed at 60 V for 30 min. A 1 kb ladder was used as reference. After electrophoresis, the resulting DNA migration bands were visualized with a BioSpectrumAC Imaging System (Ultra-Violet Products, Upland, CA, USA).
To further assess the ability of PBAE nanoparticles to protect MC DNA from nuclease degradation, PBAE/MC nanoparticles were treated with 1 U/μL DNase I (Life Technologies) at 37°C for 30 min. Samples without DNase treatment were included as controls. Following incubation, 100 μL of Quant-iT PicoGreen (Life Technologies) was added to each sample to measure free DNA. Fluorescence intensity was determined using a plate reader (Spectramax M2e, Molecular Devices, CA, USA) at an excitation of 480 nm and emission of 520 nm. The percentage of minicircle protection was defined as ((fluorescence with DNase-)/(fluorescence without DNase)) Â 100.
Cell Culture and Viability. Human embryonic kidney cells (HEK293) and mouse embryonic fibroblasts (MEFs) were maintained in DMEM supplemented with 10% (v/v) fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin (Life Technologies) at 37°C in a humidified atmosphere of 5% carbon dioxide. To examine cell viability post-transfection using PBAE/MC nanoparticles, HEK293 cells were transfected with PBAE/MC nanoparticles (2.4 μg of MC DNA per 75 000 cells), and cell viability was assessed at day 2 using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA) according to the manufacturer's protocol. Percentage of cell viability was normalized to cells cultured alone without nanoparticles.
In Vitro MC Delivery Using PBAE. To evaluate the ability of 18 PBAEs in delivering MC DNA, we used HEK293 cells, a commonly used model cell type for gene delivery, and MC encoding GFP as a reporter. HEK293 cells were seeded at a concentration of 75 000 cells/well in 48-well plates precoated with 0.1% gelatin. For transfection with MEFs, cells were seeded at a concentration of 18 000 cells/well in a 48-well plate. Cells were left overnight for attachment and then treated with complete DMEM culture medium containing 10% FBS and PBAE/MC nanoparticles. After 4 h incubation, NPs were removed and replaced with fresh culture medium. Transfection efficiency and mean fluorescence intensity were measured by fluorescence-activated cell sorting (FACS) 48 h after initial transfection. Briefly, cell culture medium was removed and cells were washed once with PBS. Cells were detached by the addition of 0. In Vivo Delivery of MCs Using PBAE and Bioluminescence Imaging. To evaluate the efficacy of PBAE/MC nanoparticles for gene expression in vivo, nanoparticles containing MCs encoding luciferase were injected into the peritoneal cavity of 8-week-old female FVB mice (30 μg of MC per injection prepared as described for in vitro transfection, n = 5). MCs alone were included as control. In vivo bioluminescence imaging was performed using an IVIS imaging system and Living Image acquisition and analysis software (Xenogen, Alameda, CA, USA). Mice were anesthetized with 1.5% isoflurane and subsequently injected ip with luciferin (150 μg per g of body weight). Wholebody or harvested individual organs were acquired 10 min after luciferin administration and were continued until signals were observed to decrease.
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